Background: The D816V mutation of c-KIT can constitutively activate tyrosine kinase, thereby promote core binding factor acute myeloid leukemia (CBF-AML) cell proliferation and inhibit apoptosis. Previous studies have indicated similar proliferation and apoptosis between N822K and D816V mutations.The current study aims to determine the occurrence and potential functions of N822K mutation-induced c-KIT activation in AML cells, and explore possible mechanisms of poor prognosis of CBF-AML. Methods: c-KIT N822K mutation status in AML cells was determined by exon 17 sequencing. The level of c-KIT expression was detected by flow cytometry (FCM) and colony formation was assessed after hu-SCF stimulation. After exposure to sunitinib (a kind of tyrosine kinase inhibitor, TKI), cell proliferation inhibition was tested by MTT, cell cycle and apoptosis were measured by FCM, autophagy was assessed by fluorescence microscopy and immunoblotting.
Introduction
C-KIT is a type III receptor tyrosine kinase that the gene is located on chromosome 4q11~12 and the gene sequence is highly conserved. C-KIT is also a 145kDa monomeric transmembrane glycoprotein (976 amino acids in length) that can be activated by stem cell factor (SCF). It includes an extracellular ligand-binding domain, an intracellular tyrosine kinase domain, and a transmembrane domain that connects the two regions. The intracellular tyrosine kinase domain is subdivided by a kinase insert domain into a proximal kinase domain (TK1) and distal kinase domain (TK2). The activation loop (A-loop) is located in the TK2, which is responsible for catalyzing the transfer of the phosphate group from
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International Publisher ATP to the enzyme substrate [1] . C-KIT and its ligand (SCF) play important roles in the survival, migration, proliferation, differentiation, and functional activation of hematopoietic progenitor cells [2] . Moreover, c-KIT plays a critical role in the occurrence and expansion of malignant tumors, including gastrointestinal stromal tumor (GIST) and acute myeloid leukemia (AML) [3, 4] .
AML carrying the t (8; 21) or inv (16)/t (16; 16) chromosomal abnormality are classified as CBF-AML. Gain-of-function mutations of c-KIT can be detected in 48% of patients with CBF-AML [5, 6] . These mutations mainly cluster in exon 17 (encoding the A-loop of the intracellular tyrosine kinase domain) and exon 8 (encoding the extracellular domain of c-KIT). In addition, the exon 17 A-loop mutations on t (8; 21) in adult or child patients with CBF-AML are all associated with high recurrence rate and low survival rate, as well as other indicators of poor prognosis [7, 8] . Multifactor analysis of long-term follow-up data to determine the prognostic effect of c-KIT mutations to t (8; 21) AML showed no significant difference in complete remission rate between patients with mutated c-KIT (mut c-KIT) and wild-type c-KIT (wt c-KIT), but the 5-year accumulative recurrence rate in patients with mut c-KIT (70%) was nearly twice to that with wt c-KIT (36%) [9] . Among the different c-KIT mutations, the N822K and D816V mutations have significant negative impact on overall survival (OS) in CBF-AML [10] . The frequency of c-KIT N822K and D816V mutations is high in the A-loop region. At the A-loop D816V site of c-KIT, the replacement of aspartic acid by valine or tyrosine leads to changes in structure, kinase activity, and substrate-receptor specificity, hematopoietic cell factor-independent growth, and the occurrence of constitutive c-KIT activation [11] . Previous study indicated that N822K mutation had similar biological function with D816Vmutation [12] . However, our previous study found that there might be other effects except proliferation and apoptosis in c-KIT N822K mutation. Based on the above, it is important to further clarify the biological characteristics of AML cells bearing c-KIT N822K mutation.
As already known, sunitinib is a novel, orally available, and multitargeted TKI against FLT3, c-KIT, PDGFR, and VEGFRs [13] . It has been approved by the U.S. Food and Drug Administration for the treatment of GIST and advanced renal cell carcinoma [14] . GIST-T1 cells bear the activating mutation of c-KIT, and were found to induce growth inhibition and apoptosis by sunitinib via blockage autophosphorylation of c-KIT [15] . In the present study, AML cell lines Kasumi-1, HL-60, and NB4 were screened for c-KIT N822K mutation by exon 17 sequencing initially, and the c-KIT N822Kmutation cell line (Kasumi-1) was selected as study object. C-KIT activity after hu-SCF stimulation was detected by FCM and colony formation assay. Furthermore, we investigated changes in the biological behavior of AML cells in association with inhibition of c-KIT activity by sunitinib, and explored possible mechanisms of poor prognosis of CBF-AML.
Materials and Methods

Cell lines and culture
The Kasumi-1 cell line (acute myelogenous leukemia-M2b) was obtained from the Department of Hematology of the Fifth People's Hospital of Shanghai, Fudan University. The HL-60 cell line (acute myelogenous leukemia) and NB4 cell line (acute promyelocytic leukemia) were obtained from the Institute of Hematology, Affiliated Union Hospital of Fujian Medical University. Cells were maintained in RPMI 1640 medium containing 15% fetal bovine serum (FBS), and cultured at 37°C in a 5% CO2 humidified atmosphere.
Cell Sequencing
The target gene was amplified with the following primers: c-KIT-F 5'-TAGTGTATTCACA GAGACTTGGC-3'; c-KIT-R 5'-TTTGACTGCTAAA ATGTGTGATA-3'. The PCR conditions were as follows: initial denaturation at 95°C for 3 minutes, 35 cycles of denaturation at 94°C for 30 seconds, annealing at 54°C for 35 seconds, extension at 72°C for 40 seconds, and a final extension at 72°C for 5 minutes. The amplified PCR products were purified using a purification recovery kit (Sangon Biotech, China) and sequenced by a 3730 DNA sequencing analyzer (Sangon Biotech, China).
C-KIT detection by FCM
These three cell lines were cultured in separate tubes overnight inRPMI-1640 medium without FBS, treated with 1µL of hu-SCF (BioVision, USA) for 0, 6, and 12 minutes, and then incubated withanti-CD117-PE (an antibody to a c-KIT immunological marker, Ebioscience, USA). Flow cytometry (FACS calibur, BD Bioscience, USA) was used to quantify the level of c-KIT expression.
Colony formation assay
Hu-SCF treatment: Some cells were treated (others were not treated) with 20ng hu-SCF every other day from first day. There were two types of strategies in sunitinib (Pfizer Inc., USA) treatment. For Kasumi-1 cells, the concentrations of sunitinib were 0, 0.08, 0.16, and 0.32 µM. For HL-60 and NB4 cells, the concentrations of sunitinib were 0, 1.0, 2.0, and 4.0 µM. Cells were seeded in 24-well plates containing methylcellulose (200 cells per well; final concentration of methylcellulose, 0.8%), and incubated at 37°C in a 5% CO 2 atmosphere for 3 weeks. The number of colonies was counted and the efficiency of colony formation was calculated. Each assay was repeated for three times.
Cell proliferation inhibition assay by MTT
Cells (Kasumi-1, HL-60, and NB4) were seeded in 200 µL of medium per well in 96-well plates at a density of 1.0×l0 5 cells/ml, 2.0×l0 5 cells/ml, and 0.8×l0 5 cells/ml, respectively. Then the Kasumi-1 cells were incubated with 0.04, 0.08, 0.16, 0.32, and 0.64 µM sunitinib, and HL-60 and NB4 cells were incubated with 0.5, 1.0, 2.0, 4.0, and 8.0 µM sunitinib for 48 hours at 37°C. Proliferation was assessed by the MTT assay and the absorbance at 490nm and 630nm from amicroplate reader (Stat Fax2100, Awareness Technology, USA). SPSS17.0 software was used to calculate the IC50. The experiment was repeated for three times.
Analysis of cell cycle by FCM
Cells at a density of 1.0×10 6 /ml were treated with 0, 0.08, and 0.80 µM sunitinib for 24 and 48 hours, respectively. Cell cycle analysis was performed by using a Cell Cycle Detection Kit (KeyGEN Biotech, China) according to manufacturer's instructions. Flow cytometry (FACS calibur, BD Bioscience, USA) was used to detect the cell cycle distribution.
Analysis of apoptosis by FCM
Cells at a density of 5.0×10 5 /ml were treated with 0, 0.08, and 0.80 µM sunitinib for 24 hours, labeled using an Annexin V-PE/7AAD Apoptosis Detection Kit (BD Bioscience, USA), and counted by FCM (C6, BD Bioscience, USA) to determine the percentage of apoptotic cells.
Detection of acidic vesicular organelles (AVO) by fluorescence microscopy
Cells were incubated with 0, 0.04, 0.16, and 0.64µM sunitinib for 24 and 48 hours, respectively. Then the cells were stained with AO dye (Sigma, USA) according to manufacturer's recommendations, and the AVO was observed under a fluorescence microscope (IX71, Olympus, Japan). The assay was repeated for three times.
Western blot analysis
Cells incubated with 0, 0.04, 0.16, and 0.64 µM sunitinib for 24 hours were subjected to western blot analysis following a standard protocol. Total proteins were extracted from Kasumi-1, HL-60, and NB4 cells, respectively. Blots were probed with primary antibodies directed against Beclin-1 (Cell Signaling Technology, USA) and LC3B (Beyotime Biotech, China) according to manufacturer's recommendations. The internal reference, β-actin, was detected using β-actin antibody (Bioworld Technology, USA). All western blot analyses were repeated at least twice.
Statistical analysis SPSS 17.0 was used to perform the statistical analysis, and data were expressed as mean ± SD. Comparison of difference between two groups was evaluated by Students' t-test. The difference between more than two groups was determined by one-way analysis of variance (ANOVA). The least significant difference (LSD) test was used in multiple comparisons. P<0.05 was considered as statistically significant.
Results
N822K T>A mutation leads to activation of c-KIT
We identified a homozygous T>A mutation (N822K) in exon 17 of the C-KIT gene inKasumi-1 cell line, but not inHL-60 and NB4 cell lines ( Figure 1A) . We thus chose HL-60 and NB4 cells as wt c-KIT controls.
We further assessed the level of CD117 (an immunological marker of c-KIT activation) in these three cell lines with or without hu-SCF stimulation. In the absence of hu-SCF, the intensity of CD117 expression was estimated to be 368.98, 19.41, and 14.74 in Kasumi-1, HL-60, and NB4 cells, respectively. After 6 minutes of hu-SCF stimulation, CD117 expression decreased to 317.88in Kasumi-1 cells, increased to 31.24 in HL-60 cells, and did not change in NB4 cells. After 12 minutes of hu-SCF stimulation, these data were 359.64, 25.92, and26.66, respectively ( Figure 1B ), indicating that hu-SCF could stimulate CD117 expression in HL-60 and NB4 cells in a short time but decreased expression in Kasumi-1 cells in relative longer time (i.e., though CD117 expression was higher at 12 minutes than 6 minutes, it was still lower at 12 minutes than 0 minute).
We further evaluated whether hu-SCF stimulation could affect cell proliferation. The colony formation efficiencies of stimulated HL-60 and NB4 cells were 25.17±2.25% and 78.00±5.22%, significantly higher than that of un-stimulated cells (P=0.033 and P=0.001, Figure 1C ), whereas the colony formation efficiencies of stimulated (43.67±2.89%) and un-stimulated (41.17±3.01%) Kasumi-1 cells were statistically similar (P=0.358, Figure 1C ). These results demonstrated that hu-SCF could significantly stimulate the colony formation of HL-60 and NB4 cells, but not Kasumi-1 cells.
N822K T>A mutation-induced c-KIT activation increases sensitivity to sunitinib
Intriguingly, treatment with different concentrations of sunitinib decreased the colony formation efficiency of Kasumi-1 cells from 41.17±3.01% to 1.53±1.33% (P<0.001, Figure 2A) , HL-60 cells from 20.17±1.53% to 0.00±0.00% (P<0.001, Figure 2B ), and NB4 cells from 46.67±3.06% to 1.17±0.76% (P<0.001, Figure 2B ). Both the number of colonies and cells per colony were reduced (data not shown). These results suggested that sunitinib could reduce the colony formation efficiency of these three cell lines in a concentration-dependent manner. Notably, the drug concentration required to suppress Kasumi-1 cells colony-forming efficiency was only one tenth of that required to suppress HL-60 and NB4 cells colony-forming efficiency.
To determine whether the cells with c-KIT N822K mutation were more sensitive to sunitinib, we used MTT to assess the IC50 of sunitinib in these three cell lines. At 48 hours, the IC 50 of sunitinib in Kasumi-1, HL-60, and NB4 cells was 0.44±0.17μM, 4.62±0.63μM, and 3.04±0.57μM, respectively ( Figure  2C-E) . The IC 50 of sunitinib was about ten-fold higher in HL-60 and NB4 cells than that of Kasumi-1 cells. Such changes were consistent with the results of colony-forming assay.
Inhibiting c-KIT activity induces G0/G1 phase arrest and apoptosis in AML cells with c-KIT N822K mutation FCM analysis was performed to evaluate the effect of c-KIT activation on cell cycle and apoptosis. With the sunitinib concentration from 0 to 0.80 µM, onlyKasumi-1 cells showed increasing proportion of G0/G1 phase from 55.29±1.87% to 79.28±3.49% (P<0.001, Figure 3A ) at 24 hours, and from 54.16±2.16% to 78.68±0.65% (P<0.001, Figure 3B ) at 48 hours. The proportion of G0/G1 phase in HL-60 and NB4 cells did not alter significantly over time under the same conditions. An increase of sunitinib concentration from 0 to 0.80 µM caused an increase of apoptosis ratio in Kasumi-1 cells from 4.71±0.56% to 18.38±1.48% (P<0.001, Figure 3C ) after treatment for 24 hours. The apoptosis ratio in HL-60 and NB4 cells after exposure to 0.80 µM sunitinib were 49.78±4.92% and 27.36±1.76%, respectively. These ratios were significantly higher than that of Kasumi-1 cells (P<0.001, Figure 3C ). However, the apoptosis ratio of Kasumi-1 cells was lower than expected; we speculated that some Kasumi-1 cells used another death pathway other than the apoptotic one.
Inhibition of c-KIT activity induces autophagy in AML cells with c-KIT N822K mutation
To determine whether sunitinib induced autophagy in Kasumi-1 cells, we assessed the formation of AVO (a morphological characteristic of autophagy) by fluorescence microscopy. At 48 hours, red punctate fluorescence in the cytoplasm of Kasumi-1 cells tended to increase in a sunitinib concentration-dependent manner ( Figure 4A ). In the cytoplasm of HL-60 and NB4 cells, the red punctuate fluorescence appeared only as a weak red halo, indicating the absence of AVO formation (figures not shown).
To further confirm the existence of autophagy in Kasumi-1 cells at 24 hours following sunitinib-treated, we measured the expression of autophagy-related proteins including Beclin-1 and LC3B. Our data manifested that sunitinib caused significant up-regulation of Beclin-1 and LC3B (P=0.000, Figure  4C&D ) in a concentration-dependent manner in Kasumi-1 cells but not in HL-60 and NB4 cells, suggesting the existence of autophagy in Kasumi-1 cells.
Discussion
The Kasumi-1 cell line was established from a AML patient with M2 subtype and has been proved as a very useful tool to study the cellular and molecular profile of AML with t (8;21) [16] . It also provides a typical example of the "two hits" model for the CBF leukemogenesis, for it simultaneously bears the translocation t (8; 21) and the Asn822Lys (N822K) c-KIT mutation [17] . By 17 exon sequencing, we confirmed that the AML cell line Kasumi-1 had the c-KIT N822KT>A mutation, which made it suitable for our study. Since leukemia was highly heterogeneous, we chose two granulocyte lines of AML cell lines including HL-60 and NB4 to be sequenced at the same time. Then HL-60 and NB4 cell lines without the c-KIT N822K T>A mutation were chosen as controls. After cells were treated with increasing concentrations of sunitinib for 24 hours, levels of Beclin-1 and LC3B were determined by western blotting using rabbit anti-Beclin-1 (1:1000), rabbit anti-LC3B (1:500) , and mouse anti-β-actin (1:3000, as internal control).The density of (C) Beclin-1 and (D) LC3B bands were normalized to that of β-actin. (*P<0.050, **P<0.010, vs. non-treated cells).
Since previous study reported that the N822K mutation within the A-loop of KIT affected the P-1 residue adjacent to Tyr821 that represented the potential autophosphorylation site, leading to constitutive ligand-independent autophosphorylation, the activation of the KIT [18] . Initially we used hu-SCF, the c-KIT ligand to stimulate the three cell lines, in order to demonstrate c-KIT N822K mutation might induce the activation of c-KIT in AML cells. We monitored CD117 by FCM after hu-SCF stimulation. Our data demonstrated that cells without N822K T>A mutation (HL-60 and NB4) were sensitive to hu-SCF compared to untreated cells, and that their response (increased intensity of CD117 expression) was rapid. Since the kinetics of c-KIT activation was rapid and could be detectable in several minutes after exposure to SCF, binding of SCF induced c-KIT dimerization and intermolecular tyrosine phosphorylation by the kinase domain. That is to say, the c-KIT might be activated by homodimerization and autophosphorylation through c-KIT ligand [19] . In contrast, the response of Kasumi-1 cells bearing c-KIT N822K T>A mutation was decreased when compared with untreated cells. A reasonable explanation for these results in Kasumi-1 cells might be that stress caused by the exogenous hu-SCF stimulus triggered negative feedback down-regulation of c-KIT expression on the cell surface. Subsequent colony formation assay results also supported this explanation. Colony formation efficiency was SCF-dependent growth in HL-60 and NB4 cells, whereas SCF-independent growth in Kasumi-1 cells bearing c-KIT N822Kmutation. Such result was consistent with published work of SCF-independent KIT receptor activation in cells with c-KIT N822K mutation [12] . The downstream signaling activation of PI3K/Akt has demonstrated that the expression level of p-PI3K was higher in Kasumi-1 cells with N822K mutation than HL-60 and NB4 cells in our previous work [20] . There was also evidence that the c-KIT D816V mutation was constitutively associated with higher level of PI3K activity than wt c-KIT [21] . In brief, from another angle, the current study provided additional evidence that c-KIT N822K T>A mutation leaded to constitutive activation of c-KIT.
To further study the effect of N822K T>A mutation-induced c-KIT activation on the biological behavior of AML cells, we utilized TKI to interfere with c-KIT activation. Previous data revealed that sunitinib exhibited the higher intracellular accumulation in Kasumi-1 that bearing the c-KIT N822KT>A mutation, indicating that cells were more sensitive to sunitinib [22] . Thus, we used sunitinib as the inhibitor in our study. Takayuki and colleagues found that sunitinib induced growth inhibition and apoptosis of GIST-T1 cells through blockage the activating of c-KIT mutation [15] . We found that sunitinib could inhibit proliferation of the three AML cell lines. The colony formation capacity was reduced and the drug concentration required to inhibit colony formation was higher in HL-60 and NB4 cells than that of Kasumi-1 cells. The IC50 of sunitinib was about ten-fold higher in HL-60 and NB4 cells than Kasumi-1 cells with c-KIT N822KT>A mutation. We focused on the PI3k/Akt pathway to investigate the effect of sunitinib in c-KIT. Our previous study showed that the levels of p-PI3K and p-Akt were reduced in Kasumi-1 cells with a sunitinib concentration-dependent manner, which was sensitive to sunitinib treatment, but not in HL-60 and NB4 cells [20] . Moreover, other TKI mediated c-KIT inhibition could interrupt the association between p85 PI3K subunit and c-KIT Tyr721, already described in Kasumi-1 cells [23, 24] . Thus, we believed that the high efficacy of sunitinib in inhibiting colony formation and cell viability might be due to the activation of c-KIT inhibition. Hence, c-KIT N822KT>A mutation could be a potential and effective target for CBF-AML treatment.
Other aspects of the cell cycle and apoptosis were also involved. We found that inhibiting c-KIT activation induced G0/G1 phase arrest in a significantly higher proportion of Kasumi-1 cells than both HL-60 and NB4 cells, which was consistent with others' results [12] . Thus, our result demonstrated that inhibition of c-KIT activity could inhibit proliferation through cell cycle arrest, suggesting that the target of proliferation regulation might involve the cell cycle in Kasumi-1 cells bearing c-KIT N822K T>A mutation. Besides, we also found some new phenomena like the ratio of apoptosis in Kasumi-1 cells was increased slightly, in contrast to HL-60 and NB4 cells at all drug concentrations. Such a slight increase of apoptosis ratio in Kasumi-1 cells was not consistent with the epigenetic results. We proposed that some Kasumi-1 cells died following a different manner after inhibition of c-KIT activity.
The effect of autophagy on the survival of AML cells was double-edged. Autophagy promoted the apoptosis of AML cells, but on the other hand, it could protect AML cells and maintain their survival [25] . Goussetis found that autophagy was the critical mechanism in As2O3-dependent anti-leukemia activity. As 2 O 3 -treated could induce autophagy in AML cell line U937, and this phenomenonwas partially reversed by the autophagy inhibitor chloroquine [26] . We further evaluated the role of autophagy in the death of Kasumi-1 cells with c-KIT N822K T>A mutation. As a result, the AVO was observed in Kasumi-1 cells at 48 hours after sunitinib treatment, and the number of AVO increased in a sunitinib concentration-dependent manner. Nevertheless, more specific evidence of autophagy was needed. We detected autophagy specific markers membrane LC3B and regulatory Beclin-1. Our autophagy proteins assay showed significant changes at 24 hours after sunitinib treatment rather than 48 hours, so the changes of LC3B and Beclin-1 expressions occurred before the appearance of AVO. Notably, the autophagy proteins expressed up-regulation in a dose-dependent manner in Kasumi-1 cells. However, no similar phenomenon occurred in HL-60 and NB4 cells under the same conditions.
It was inspiring to confirm the occurrence of autophagy in Kasumi-1 cells bearing c-KIT N822K mutation. Here we attributed the aberrant apoptosis ratio in Kasumi-1 cells to autophagy. Thus, inhibiting constitutive c-KIT activation that triggered by the N822K T>A mutation induced AML cells death via apoptosis-and autophagy-dependent manners. Thus we speculated that constitutive c-KIT activation due to the N822K mutation might be an important factor to maintain the malignant characteristics of AML cells and affect tumor burden in CBF-AML. These promising data suggested the potential of c-KIT N822K mutation as a therapeutic target for CBF-AML.
In conclusion, these results indicated that c-KIT N822K mutation induced to constitutive activation of c-KIT would affect the biological behavior of AML cells. In vitro results of our present study served to illuminate the unfavorable prognosis of CBF-AML bearing c-KIT N822K T>A mutation. Although the autophagy phenotype is potentially interesting, further investigation is needed to confirm that it is caused by c-KIT inhibition. It is important to investigate whether the autophagy can be initiated by c-KIT shRNA.
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